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Dryland farming strategies in the High Plains must make efﬁcient use of limited and variable
precipitation and stored water in the soil proﬁle for stable and sustainable farm productivity. Current
research efforts focus on replacing summer fallow in the region with more proﬁtable and
environmentally sustainable spring and summer crops. In the absence of reliable precipitation forecasts
for the crop growing season, farmers rely mainly upon knowledge of plant available water (PAW) in the
soil proﬁle at planting for making crop choice decisions. To develop a decision support strategy for crop
selection based on initial PAW, experiments were conducted with spring triticale (X Titicosecale
Wittmack), proso millet (Panicum miliaceum L.), and foxtail millet (Setaria italica L. Beauv.) under
artiﬁcially controlled Low, Medium, and High initial PAW levels during 2004 and 2005 at Akron,
Colorado, and Sidney, Nebraska. The objectives of this study were to adapt an existing cropping systems
model for the simulation of triticale and millet and to evaluate simulations from the adapted model by
comparing results with ﬁeld data collected under varying initial PAW conditions. The Root Zone Water
Quality Model with DSSAT v4.0 crop growth modules (RZWQM2) was used. Speciﬁcally, the Cropping
System Model (CSM)–CERES–Wheat module was adapted for simulating triticale, and CSM–CERES–
Sorghum (v4.0) module was adapted for simulating proso millet and foxtail millet. Soil water, leaf area
index, grain yield, and biomass data for the highest PAW treatment from one crop season for each of the
three crops were used to adapt and calibrate the crop modules. The models were then evaluated with
data from the remaining PAW treatments. The proso millet module was further tested with four years of
data from a crop rotation experiment at Akron from 2003 to 2006. Simulation results indicated that the
adapted and calibrated crop modules have the potential to simulate these new crops under a range of
varying water availability conditions. Consequently, these models can aid in the development of decision
support tools for the season-to-season management of these summer fallow replacement crops under
dryland conditions in semi-arid environments.
Published by Elsevier B.V.
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1. Introduction
Proﬁt margins for the production of most rainfed crops in the
semi-arid climate of the Great Plains of the USA are very small
(Clarke and Rendell, 2003; DeVuyst and Halvorson, 2004;
Dhuyvetter et al., 1996; Meko and Woodhouse, 2005) due to
frequent and extended episodes of severe drought. Farmers in the
semi-arid Great Plains have traditionally used long periods of

* Corresponding author. Tel.: +1 970 345 0507; fax: +1 970 345 2088.
E-mail address: david.nielsen@ars.usda.gov (D.C. Nielsen).
0378-4290/$ – see front matter . Published by Elsevier B.V.
doi:10.1016/j.fcr.2009.04.008
This article is a U.S. government work, and is not subject to copyright in the United States.

fallow in a wheat (Triticum aestivum L.)-fallow cropping system to
conserve soil water for the wheat crop and to stabilize production.
The fallow system relies on the principle that leaving the land bare
over a period of time allows water to accumulate in the soil. While
this practice does indeed help stabilize crop yield, more intensiﬁed
cropping systems, made possible with no-tillage practices that
conserve residue cover, have been found to be more beneﬁcial in
terms of their increased precipitation storage efﬁciency, production, soil carbon sequestration, and decreased water and wind
erosion potentials (Farahani et al., 1998; Halvorson et al., 2002a,b;
Lal et al., 1998; Nielsen and Aiken, 1998; Nielsen et al., 2005;
Peterson et al., 1998; Peterson and Westfall, 2004). Efforts are
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being made to develop viable cropping system alternatives to the
conventional wheat-fallow (WF) system in terms of choice of the
right crops in the rotation and their sequencing for maximizing
proﬁts and environmental sustainability (Anderson et al., 1999;
Felter et al., 2006; Halvorson, 1990). Identiﬁcation of proﬁtable
short-season spring crops to replace or shorten the fallow period in
the cropping systems of the Great Plains have been the focus of
several past studies (Felter et al., 2006; Lyon et al., 2004, 2007).
Short-season crops such as spring triticale, dry pea (Pisum sativum
L.), foxtail millet, and proso millet could be incorporated in crop
rotations to replace summer fallow. Impacts of soil water depletion
by one crop on the subsequent crop can vary signiﬁcantly between
seasons depending on the seasonal precipitation received (Nielsen
et al., 1999, 2002; Nielsen and Vigil, 2005). Cropping intensiﬁcation
by replacing summer fallow with a crop can reduce subsequent
crop yield (i.e., wheat). This reduction comes as a consequence of
lower available soil water at planting of the subsequent crop
(Nielsen et al., 2002). Long-term experiments are required to
determine the response of summer fallow replacement crops
under combinations of widely ranging available soil water at
planting and seasonal precipitation scenarios. However, this is not
economical to do, and furthermore the data will be site-speciﬁc. A
viable alternative to long-term experiments at multiple locations is
to simulate the cropping system using agricultural simulation
models and to extrapolate short-term experimental results to
other soils, seasons, and climates using location speciﬁc long-term
weather data (Saseendran et al., 2004, 2005a, b; Elliott and Cole,
1989; Mathews et al., 2002). For developing such applications, crop
simulation modules for the crops of interest need be developed,
calibrated, and tested thoroughly for their performance under the
climate of the region.
The Root Zone Water Quality Model (RZWQM), developed by
USDA-ARS, is a process-oriented agricultural system model that
integrates and synthesizes the biological, physical, and chemical
processes for simulation of the impacts of tillage, water,
agricultural chemical, and crop management practices on crop
production and water quality (Ahuja et al., 2000). The generic crop
model included in RZWQM can be parameterized to simulate
speciﬁc crops. The Decision Support System for Agrotechnology
Transfer (DSSAT) software provides modules for simulating more
than 25 crops (Hoogenboom et al., 1999; Jones et al., 2003; Tsuji
et al., 1994). Compared with the generic crop model of RZWQM,
these crop modules simulate detailed leaf numbers, phenological
and morphological development of the crop, and ultimately yield
and yield components. The plant growth modules of DSSAT v3.5
were coupled with the soil water and nitrogen simulation routines
of RZWQM to develop the RZWQM–DSSAT hybrid model (Ma et al.,
2005, 2006). Advantages of using the RZWQM–DSSAT hybrid
model come from combining the detailed simulations of soil
surface residue dynamics, tillage, and other soil management
practices, and detailed soil water and soil carbon/nitrogen
processes of RZWQM with the detailed crop speciﬁc plant growth
models of DSSAT. Recently, the crop modules of the RZWQM–
DSSAT hybrid model were upgraded with crop modules of DSSAT
v4.0 Cropping System Model (CSM) and developed as RZWQM2–
DSSAT v4.0 (available at http://www.arsagsoftware.ars.usda.gov/
agsoftware/).
Various studies verifying the potential of applying RZWQM
(Ahuja et al., 2000) for managing dryland cropping systems in the
Great Plains have been reported. Saseendran et al. (2004) adapted
RZWQM for simulating winter wheat and developed N management strategies based on the simulation results. Ma et al. (2003)
successfully modeled the effects of varying levels of irrigation on
corn production in the region. Using both RZWQM and CERES–
Maize (separately) Saseendran et al. (2005a) modeled planting
date effects on corn production and developed optimum planting
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windows for the crop. Saseendran et al. (2005b) used RZWQM to
successfully model dryland production systems involving rotations of corn, wheat, and fallow under conventional tillage and notillage in the semi-arid Great Plains.
In 2004 and 2005, experiments were conducted at Akron, CO
and Sidney, NE to measure crop growth data for modeling four
short-season summer fallow replacement crops (spring triticale,
proso millet, foxtail millet, pea) under varying initial plant
available water (PAW) conditions (Felter et al., 2006). The ﬁrst
objective of the current study was to simulate the effects of varying
initial PAW at on growth, development, yield, and soil water
extraction of the grass crops in that experiment (spring triticale,
proso millet, and foxtail millet) by adapting crop simulation
modules available in RZWQM2–DSSAT v4.0. The CSM–CERES–
Wheat v4.0 crop module was adapted for simulating spring
triticale, and the CSM–CERES–Sorghum v.4.0 crop module was
adapted for simulation of both proso and foxtail millets. The
second objective was to test the adapted models using ﬁeldobserved data collected under varying PAW conditions.
2. Materials and methods
2.1. Experiments
Field experiments were conducted in 2004 and 2005 at the
University of Nebraska High Plains Agricultural Laboratory
(418120 N, 103800 W, 1315 m elevation) located near Sidney, NE
and at the USDA-ARS Central Great Plains Research Station
(408090 N, 1038090 W, 1383 m elevation) located near Akron, CO.
The soil type at Sidney was a Keith silt loam (ﬁne-silty, mixed,
superactive, mesic Aridic Argiustolls) with a pH of 7.0 and an
organic matter content of approximately 20 g kg1 in the surface
15 cm. At Akron the soil type was a Weld silt loam (ﬁne, smectitic,
mesic Aridic Argiustolls) with a pH of 7.0 and an organic matter
content of about 15 g kg1 in the surface 15 cm.
A split plot experimental design with four replications per ﬁeld
site was used at both locations. Three levels (Low, Medium, High)
of available soil water at planting (PAW) served as the main plot
treatments. The three summer annual crops (spring triticale, proso
millet, and foxtail millet) were the subplot treatments. The three
PAW treatments were established prior to planting with a lateral
move drop-nozzle irrigation system, with the exception of Akron in
2005, when a solid-set sprinkler system was used. The Low PAW
treatment received no supplemental water prior to planting.
Amount of pre-plant irrigation water applied in the Medium and
High water treatments varied by year and location, and was
applied to achieve a range of soil water levels at planting. Planting
and harvesting dates and initial PAW levels for each crop are
shown in Tables 1 and 2.
Soil water content was measured at approximately 14-d
intervals. Measurements in the 0–30 cm layer were obtained by
gravimetric water sampling at Sidney and by time–domain
reﬂectometry (Trase System I, Soil Moisture Equipment Corporation, Santa Barbara, CA, USA) at Akron. Soil water content
measurements at 45, 75, and 105 cm proﬁle depths were made
using a neutron probe (Campbell Paciﬁc 503 DR, Campbell Paciﬁc,
Pacheco, CA, USA). Amount of plant available water was
determined by subtracting lower limits of volumetric water from
the total volumetric water content at each sampling depth. Lower
limits at each site were determined from ﬁeld observations of the
lowest volumetric water content observed for these crops (Ritchie,
1981; Ratliff et al., 1983).
The water treatments were successfully established at both
locations in 2004 for the triticale crop with 99 mm (Sidney) to
104 mm (Akron) more available soil water in the High treatment
than in the Low treatment. Treatment establishment was also
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Table 1
Plant available water (PAW) in the upper 120 cm of the soil proﬁle prior to planting for spring triticale, proso millet, and foxtail millet at Sidney, NE and Akron, CO.
Location

Year

Proso millet (mm)a

Spring triticale (mm)

Foxtail millet (mm)a

Low

Medium

High

Low

Medium

High

Low

Medium

High

Sidney

2004
2005

35
134

66
154

134
174

–
212

–
228

–
244

–
212

–
228

–
244

Akron

2004
2005

64
98

127
144

168
199

90
–

140
–

190
–

98
–

132
–

161
–

a

Foxtail and proso millet were lost to hail at Sidney in 2004, and soil crusting prevented emergence at Akron in 2005.

Table 2
Planting/harvest dates for spring triticale, proso millet and foxtail millet at Sidney,
NE and Akron, CO.
Location

Year

Spring triticale

Foxtail millet

Proso millet

Sidney

2004
2005

Apr 6/Jun 23
Apr 7/Jun 24

–
Jun 8/Aug 16

–
Jun 8/Aug 30

Akron

2004
2005

Apr 7/Jun 23
Apr 4/Jun 24

Jun 2/Aug 26,30a
–

Jun 2/Aug 30
–

a
At Akron in 2004, foxtail millet plots receiving the high level of supplemental
water were harvested on August 26 as a result of more rapid crop development. The
remaining foxtail millet plots were harvested on August 30.

successful for spring triticale in 2005 at Akron where the High
treatment had 101 mm more PAW than the Low treatment. A
smaller range in available soil water at planting was established at
Sidney in 2005 for the three crops as a result of above normal
precipitation.
Nutrient needs were based on regional recommendations. No
supplemental fertilizer was applied in either year at Sidney. At

Akron, 67.2 kg N ha1 was applied on the surface beside each row
and 22.4 kg ha1 P2O5 was applied in the row at planting for spring
triticale, foxtail millet, and proso millet in both years.
All crops were no-till seeded into corn stubble. Row spacing was
25 cm at Sidney and 19 cm at Akron. Planting dates are shown in
Table 2. Spring triticale ‘Trical 2700’ was sown at 101 kg seed ha1.
‘White Wonder’ foxtail millet and ‘Sunrise’ proso millet were sown
at 17 kg seed ha1. Proso and foxtail millet crops were lost to hail
in late July at Sidney in 2004. Establishment of these crops was
unsuccessful at Akron in 2005 due to soil crusting and subsequent
dry surface soil conditions. Weeds were controlled by handweeding during the cropping season and glyphosate [N-(phosphonomethyl) glycine] was used during non-crop periods.
Leaf area index (LAI) and dry matter measurements were made
a minimum of three times throughout each growing season. Leaf
area index was estimated using a plant canopy analyzer (LAI-2000,
LI-COR, Lincoln, NE, USA) with the 2708 view restrictor to mask the
operator (i.e., 2708 open, 908 masked). One measurement above
and four below the canopy were taken twice in each plot to

Table 3
Measured (M) and simulated (S) phenology for spring triticale, proso millet, and foxtail millet grown at Sidney, NE and Akron, CO.
Location

Year

Triticale

Proso millet
DAP

Sidney

Sidney

Akron

Akron

Akron

2004

2005

2004

2005

2004

DAP

Stage

M

S

Planting (Apr 6)
Emergence
Boot swollen
Head visible

13
65
70

12

Planting (Apr 7)
Emergence
Head visible

18
75

12

Planting (Apr 7)
Emergence
Jointing
Awns visible
Anthesis

12
53
68
77

11

Planting (Apr 4)
Emergence
Jointing
Boot swollen
Head fully emerged

10
60
70
76

Foxtail millet

69

DAP

Stage

M

S

Stage

Planting (June 8)
Emergence
Head visible
Head fully emerged

5
49
64

Planting (June 2)
Emergence
Head visible
Head fully emerged
Anthesis
Early dough
Phys. Mat.

0
10
50
64
70
79
89

93

Planting (June 7)
Emergence

15

15

7

11

19

13

7

10

77

Planting (June 8)
Emergence
Head visible
Head fully emerged
Planting (June 2)
Emergence
Flag leaf visible
Head visible
50% headed

M

0
5
57
68
0
10
58
75a
85a

S

7

8

12

Akron

2005

Planting (June 10)
Emergence

Akron

2006

Planting (June 8)
Emergence

DAP = days after planting.
a
These data apply only to the High water treatment. The Low water treatment did not progress beyond the ‘‘ﬂag leaf visible’’ stage, and the Medium treatment had just a
few heads visible at harvest (85 DAP).
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Table 4
Wheat ecotype parameters calibrated and adapted for simulation of spring triticale
using the CSM–CERES–Wheat module.

Table 6
Sorghum ecotype parameters calibrated and adapted for simulation of proso millet
and foxtail millet using the CSM–CERES–Sorghum module.

Acronym/Parameter

Acronym/Parameter

Value

P1/Duration of phase end juvenile to double ridges, GDD
200
P2/Duration of phase double ridges to end leaf growth, GDD
265
P3/Duration of phase end leaf growth to end spike growth, GDD
200
P4/Duration of phase end spike growth to end grain ﬁll lag, GDD
200
P4SGE/Stem growth end stage, growth stage.
4.45
PARUV/PAR conversion to dry matter ratio before last leaf stage, g/MJ
2.7
PARUR/PAR conversion to dry matter ratio after last leaf stage, g/MJ
2.7
AWNS/AWN score (0–10; 10 = very long)
0.0
LA1S/Area of standard ﬁrst leaf, cm2
1.0
LAVS/Area of standard vegetative phase leaf, cm2
10.0
LARS/Area of standard reproductive phase leaf, cm2
40.0
2
LAWRS/Lamina area to weight ratio of standard ﬁrst leaf, cm /g
200
2
LAWR2/Lamina area to weight ratio phase 2, cm /g
270
LLIFE/Life of leaves during vegetative phase, phyllochrons
8.0
RSFRS/Reserves fraction of assimilates going to stem, No.
0.3
TI1LF/Tillering threshold (leaf No. to start tillering), No.
4.0
GRNMN/Minimum grain N, %
0.0
GRNS/Standard grain N, %
3.0
WFPU/Water stress factor (photosynthesis, upper), fraction
1.2
WFGU/Water stress factor (growth, upper), fraction
1.8
NFPU/N stress factor (photosynthesis, upper), fraction
1.0
NFPL/N stress factor (photosynthesis, lower), fraction
0.0
NFGU/N stress factor (growth, upper), fraction
1.0
NFGL/N stress factor (growth, lower), fraction
0.0
WFPGF/Water factor, genotype sensitivity to stress when grain ﬁlling (0–1) 1.0
RDGS1/Root depth growth rate, early phase, cm/standard day
3.0
RDGS2/Root depth growth rate, later phases, cm/standard day
2.0
TBGF/Temperature base, grain ﬁlling, 8C
5.0
P1DPE/Daylength factor, pre-emergence, No. (0–1)
0.0
HTSTD/Standard canopy height, cm
100
KCAN/PAR extinction coefﬁcient, fraction
0.65
LT50H/Cold tolerance when fully hardened, 8C
20

Table 5
Wheat species parameters calibrated and adapted for simulation of spring triticale
using the CSM–CERES–Wheat module.
Acronym/Parameter

Value

LSENS/Leaf senescence X-stage (normal), No.
LRETS/Stage after which dead leaves retained,
growth stage
WFSU/Water stress factor (senescence, upper),
fraction
WFSF/Water stress factor (fraction lost), fraction

Wheat

Triticale

5.7
3.0

5.9
5.0

0.6

0.2

0.02

0.01

determine LAI, with the four below measurements taken on a
diagonal transect between crop rows. Dry matter sample size was
1 m of linear row, and the sample site was separated by at least one
row from previously sampled areas. Samples were then oven-dried
at 50 8C until weight remained constant.
Daily weather data (precipitation, air temperature, relative
humidity, wind speed, and solar radiation) were recorded by
automated weather stations located adjacent to the plot areas and

Value

TBASE/Base temperature below which no development
occurs, 8C
TOPT/Temperature at which maximum development
rate occurs during vegetative stages, 8C
ROPT/Temperature at which maximum development
rate occurs for reproductive stages, 8C
DJTI/Minimum days from end of juvenile stage to tassel
initiation if the cultivar is not photoperiod sensitive, days
GDDE/Growing degree days per cm seed depth required
for emergence, GDD/cma
RUE/Radiation use efﬁciency, g plant dry matter/MJ PARb
KCAN/Canopy light extinction coefﬁcient for daily PAR
P3/Duration of phase end leaf growth to end spike growth, TUc
P4/Duration of phase end spike growth to end grain ﬁll lag, TU
a
b
c

10
30
35
82
8
3.2
0.85
465
234

GDD = growing degree days.
PAR = photosynthetically active radiation.
TU = thermal units.

retrieved from the High Plains Regional Climate Center (http://
www.hprcc.unl.edu/index.html).
Crop phenology notes were taken for major developmental
stages in the crops and are shown in Table 3. No signiﬁcant water
treatment effects on growth stage progression were noted,
except in 2004 for triticale at Sidney and foxtail millet at Akron.
At harvest at Sidney in 2004 triticale was 20%, 50%, and 90%
headed in the Low, Medium, and High water treatments,
respectively (Felter et al., 2006). At Akron in 2004 foxtail millet
in the Low water treatment did not progress beyond the ‘‘ﬂag leaf
visible’’ stage, and the Medium treatment had just a few heads
visible at harvest.
2.2. Crop model adaptations
Simulation models for spring triticale and proso and foxtail
millets are lacking in the literature. There were no crop modules
available for these crops in the DSSAT v4.0 suite of crop models
(Jones et al., 2003; Hoogenboom et al., 2004), and thus not in
RZWQM2–DSSAT v4.0. In this study, we made an attempt to adapt
CSM–CERES–Wheat for simulating spring triticale, and CSM–
CERES–Sorghum for simulating both proso and foxtail millets. The
modules of CSM from DSSAT Version 4.0 as implemented in
RZWQM2–DSSAT v4.0 were used. To adapt and simulate the three
crop species using the CSM crop modules, the species, ecotype, and
cultivar speciﬁc parameter sets used for simulating speciﬁc crops
and their cultivars were modiﬁed based on measured data or
obtained from the literature. If measured or literature reported
values for any of the above parameters for the crops were not
available, crop parameter values for wheat were adjusted and used
for simulating triticale and parameters for sorghum (Sorghum
bicolor L. Moench) were adjusted and used for simulating both
proso and foxtail millets (Tables 4–6).

Table 7
Soil property values used for simulations of spring triticale, proso millet and foxtail millet at Akron, CO and Sidney, NE.
Soil layera (cm)

Bulk density (g cm3)

Saturated hydraulic
conductivity. (cm h1)

0.03 MPa water
content (cm3 cm3)

1.5 MPa water
content (cm3 cm3)

Saturated water
content (cm3 cm3)

Weld silt loam (ﬁne, smectitic, mesic Aridic Argiustolls) at Akron, CO
0–180
1.32
0.68

0.1361

0.2855

0.5010

Keith silt loam (ﬁne-silty, mixed, superactive, mesic Aridic Argiustolls) at Sidney, NE
0–180
1.32
0.38

0.1361

0.2855

0.5010

a

Soil proﬁle divided into seven layers (0–15, 15–30, 30–60, 60–90, 90–120, 120–150, 150–180 cm).
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2.2.1. Species and ecotype parameters for triticale
Much less literature exists on the growth and development
characteristics of spring triticale compared with information for its
parental lines [wheat and rye (Secale cereale L.)] that can be directly
used for developing crop speciﬁc parameters for simulation of the
crop. However, Ewert et al. (1996) successfully simulated
phenological development in winter triticale using a wheat crop
simulation model (AFRCWHEAT2), although they acknowledged
that progress in simulating the development of cereals is limited
by lack of knowledge about plant physiology. Singer et al. (2007)
reported radiation use efﬁciencies of winter triticale in the range of
2.84–3.28 g MJ1
across
various
plant
densities
(67–
170 plants m2). We used a constant calibrated value of 2.7 g MJ1
1 for RUE in the simulations (an ecotype parameter in the CERES–
Wheat module). For simulation of spring triticale, a value of 0.65
for PAR extinction coefﬁcient was found to give the best results. To
calculate growing degree days (GDD) we used a uniform base
temperature of 0 8C for all growth stages of the crop (Gallagher,
1979), similar to wheat. However, we used a base temperature of
5 8C for accumulation of GDD during grain ﬁlling as it improved the
simulations. Based on the above information in the literature and
through calibration, a new ecotype parameter set was developed
for the simulations of spring triticale (Table 4). The species
parameter set for wheat was used to simulate triticale after
adjusting four of the parameters to the values shown in Table 5.
2.2.2. Species and ecotype parameters for proso and foxtail millets
Proso millet and foxtail millet are short-season summer annual
small cereal crops with high water-use efﬁciency (C4 plants) and
are well adapted to crop production systems in the semi-arid
environment of the USA (Lyon and Baltensperger, 1993; Anderson,
1994). Information on detailed growth and development characteristics of the two millets is lacking in the literature. There have
been only limited efforts reported to model these crop species in
the past. In order to simulate cropping sequences that involved
proso millet in the Great Plains, Andales et al. (2003) simulated
proso millet by parameterizing a generic crop model (EPIC;
Williams et al., 1989) available in the GPFARM farming system
model by making best guess estimates for the generic crop
simulation model parameters. In RZWQM2–DSSAT v4.0, crop
modules are available for sorghum (CSM–CERES–Sorghum) and
pearl millet (Pennisetum americanum L.) (CSM–CERES–Millet) that
fall broadly in the millet family. We experimented with both the
modules for modeling the proso and foxtail millets and found the
CSM–CERES–Sorghum module better suited for simulation of the
millets (results not presented). Anderson (1994) showed that
proso millet development can be related to temperature by using

Table 8
Cultivar parameters (genetic coefﬁcients) calibrated for simulation of triticale (cv.
Trical 2700) using the CSM–CERES–Wheat module.
No.

Acronym/Parameter

1

P1V/Relative amount that development is slowed for each day
of unfulﬁlled vernalization, assuming that 50 days of
vernalization is sufﬁcient for all cultivars, GDD
P1D/Relative amount that development is slowed when plants
are grown in a photoperiod 1 h shorter than the optimum
(which is considered to be 20 h), GDD
P5/Relative grain ﬁlling duration based on thermal time
(degree days above a base temperature of 1 8C), where
each unit increase above zero adds 20 degree days to an
initial value of 430 degree days
G1/Kernel number per unit weight of stem (less leaf blades
and sheaths) plus spike at anthesis, 1/g
G2/Kernel ﬁlling rate under optimum conditions, mg/day
G3/Non-stressed dry weight of a single stem (excluding leaf
blades and sheaths) and spike when elongation ceases, g
PHINT/Phyllochron interval, GDD

2

3

4
5
6
7

Value

1

P9 ¼ 45:0 þ GDDE  SDEPTH

3
4
5
6
7
a

SLAN ¼ 1 þ 50

30
35
1
60

(1)



SUMDTT 2
P3

(2)

where SUMDTT is GDDE accumulated starting from seedling
emergence, P3 is the duration of the development phase from end
of leaf growth to end of spike growth, and stage 3 is the period from
panicle initiation to end of leaf growth.

Acronym/Parameter

Growing degree days above a base temperature of 10 8C.

450

where GDDE (an ecotype parameter) is GDD per cm seed depth
(SDEPTH) required for emergence.
In order to better match the simulated pattern of leaf area
development with the observed pattern, the equation used for
calculation of leaf senescence during crop development stage 3
(SLAN) was modiﬁed to

P1/Thermal time from seedling emergence to the end of the juvenile
phase during which the plant is not responsive to changes in photoperiod, GDDa
P20/Critical photoperiod or the longest day length at which development
occurs at a maximum rate. At values higher than P20, the rate of development
is reduced, hours
P2R/Extent to which phasic development leading to panicle initiation is delayed
for each hour increase in photoperiod above P20, GDDa
P5/Thermal time from beginning of grain ﬁlling (3–4 days after ﬂowering)
to physiological maturity, GDDa
G1/Scaler for relative leaf size
G2/Scaler for partitioning of assimilates to the panicle (head)
PHINT/Phyllochron interval; the interval between successive leaf tip
appearances, GDDa

2

105

GDD calculated with a base temperature of 10 8C. For simulation of
both proso and foxtail millet crops we adopted this base
temperature as it worked well for quantifying the effects of
temperature on both photosynthesis and grain ﬁlling processes.
Based on the available information in the literature and calibration,
a new ecotype parameter set was developed for the simulations
(Table 6). In addition to modifying the species and ecotype
parameter ﬁles, we also made changes to the CSM–CERES–
Sorghum v4.0 module. Growing degree days from germination
to emergence (P9) is not calculated by CSM–CERES–Sorghum v4.0,
but we calculated P9 using the relationship from CERES–Maize as

Table 9
Cultivar parameters (genetic coefﬁcients) calibrated for simulation of proso millet (cv. Sunrise) and foxtail millet (cv. White Wonder) using the
CSM–CERES–Sorghum module.
No.

5

Value
Proso millet

Foxtail millet

40.0

220

16.5

12.5

20.0

40.0

55.0

10.0

12.5
7.5
35.0

0.0
0.0
56.0
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2.3. Input data for the model

Table 10
Monthly and growing season precipitation (cm) for Sidney, NE and Akron, CO.

The RZWQM2–DSSAT v4.0 model needs detailed data on
weather and soil for the experimental site, and crop management
data for the actual experiment. Typical crop management data
needed are planting dates, planting depth, row spacing, and plant
population. Also, the amounts, dates, and methods of irrigation,
tillage and fertilizer applications, if any, are required. These data
were collected at the experiment sites.
The minimum driving variables for the RZWQM2–DSSAT v4.0
are daily solar radiation, maximum and minimum air temperatures, wind speed, relative humidity, and precipitation (as break
point rainfall data). All of the above variables were measured by an
automated weather station located approximately 300 m from the
experimental site. We assumed the daily precipitation to consist of
storms of 120 min duration for both years and both locations
(Sidney and Akron).
Soil physical and hydraulic properties for a silt loam soil as
available in the RZWQM model database (Ahuja et al., 2000) were
used for simulations of the three crops on the Weld silt loam and
Keith silt loam soil types at Akron and Sidney, respectively
(Tables 7 and 8). However, in order to achieve a better match
between the measured and simulated soil water in the Keith silt
loam soil at Sidney we calibrated and used a value of 0.38 cm h1
for saturated hydraulic conductivity.

Location

Year

Apr

May

June

July

Aug

Apr–Aug

Sidney

2004
2005
30-yr normal

5.5
5.4
3.8

2.6
5.0
7.3

6.6
15.4
7.0

6.7
6.0
5.7

4.1
6.3
4.8

25.5
38.1
28.6

Akron

2004
2005
30-yr normal

4.4
4.6
3.6

4.4
5.1
7.6

6.6
7.6
5.8

4.3
4.3
7.5

3.6
8.0
5.7

23.3
29.6
30.2

2.4. Model calibration
For adaptation and calibration of the crop modules, we used the
crop growth and development data under the High water
treatment for triticale and foxtail millet at Akron in 2004 and
for proso millet at Sidney in 2005. Remaining data sets were used
for model testing and evaluation. In addition to these data, similar
data for proso millet growth, development, water use, and yield
from the alterative crop rotation (ACR) experiment at Akron
(Anderson et al., 1999) from 2003 to 2006 were used (Nielsen,
unpublished data, 2006).
For accurate simulations, agricultural system models need to be
calibrated for soil hydraulic and nutrient properties for given sites,

and plant growth parameters for given crops. Soil water
simulations by the model for all three crops were mostly within
one standard deviation of the measured means, such that we did
not further calibrate the model hydraulic properties.
In the DSSAT v4.0 suite of crop models, in addition to the
species and ecotype ﬁles (as derived above for triticale, proso
millet, and foxtail millet) used for deﬁning the broad crop
characteristics, cultivar speciﬁc parameters (genetic coefﬁcients)
for deﬁning the traits that differentiate between cultivars within a
crop species are needed (Jones et al., 2003). Seven cultivar
parameters speciﬁc to each of the crop cultivars used in the
experiments needed to be calibrated (Tables 9 and 10). In this
study, cultivar parameters (genetic coefﬁcients) for the ‘Trical
2700’, ‘Sunrise’, and ‘White Wonder’ cultivars of spring triticale,
proso millet, and foxtail millet, respectively, were calibrated
through trial and error.
Soil water, LAI, biomass, and grain yield at harvest from the
highest initial water treatments at Akron in 2004 (triticale, foxtail
millet) and Sidney in 2005 (proso millet) were used for
calibrations of the cultivar speciﬁc coefﬁcients (Tables 8 and 9).
Grain yield data for spring triticale and foxtail millet were not
collected as they were harvested for forage before physiological
maturity.
2.5. Model evaluation statistics
The following statistics were used to evaluate the simulation
results: (i) Root Mean Square Error (RMSE), Eq. (3), which shows

Table 11
Root Mean Square Error (RMSE), Mean Relative Error (MRE), and Willmott’s index of agreement (d) for simulations of soil water, LAI, and biomass of triticale in 2004 and 2005
at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting.
Variables

High PAW

Medium PAW

Low PAW

RMSE

MRE, %

d

RMSE

MRE, %

d

RMSE

MRE, %

d

Akron 2004
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.027a
0.7a
0.27a
241a

–
3a
14a
8a

–
0.98a
0.98a
1.0a

0.026
1.00
0.29
309

–
4
22
11

–
0.91
0.95
0.99

0.014
0.7
0.16
328

–
3
9
19

–
0.91
0.92
0.96

Akron 2005
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.038
3.3
0.32
180

–
10
10
7

–
0.81
0.97
1.00

0.039
4.7
0.41
379

–
17
21
19

–
0.54
0.95
0.99

0.032
4.2
0.31
309

–
15
16
12

–
0.61
0.97
0.99

Sidney 2004
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.032
1.3
0.37
537

–
4
23
27

–
0.94
0.94
0.97

0.034
1.4
0.25
560

–
6
23
31

–
0.70
0.95
0.92

0.025
1.4
0.27
289

–
6
31
28

–
0.65
0.92
0.96

Sidney 2005
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.025
1.2
0.45
500

–
4
22
16

–
0.93
0.87
0.99

0.025
1.2
0.42
450

–
4
22
10

–
0.96
0.96
0.99

0.036
2.9
0.50
258

–
11
23
9

–
0.79
0.94
0.99

a

Calibration results.
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the average deviation between simulated and observed values; (ii)
Mean Relative Error (MRE), Eq. (4), which gives the bias of the
simulated value relative to the observed value; and (iii) the index
of agreement (d), Eq. (5) between measured and simulated
parameters (Willmott, 1981), which varies between 0 (poor
model) and 1 (perfect model):
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u n
u1 X
RMSE ¼ t
(3)
ðP  Oi Þ2
n i¼1 i

MRE ¼



n
1X
P  Oi Þ
Abs i
 100
n i¼1
Oi
Pn

d ¼ 1:0  P

n
i¼1

i¼1

(4)

ðP i  Oi Þ2

ðjP i  Ōj þ jOi  ŌjÞ

2

(5)

where Pi is the ith simulated value, Oi is the ith observed value, Ō is
the mean observed value, and n is the number of data pairs.
3. Results and discussion
At Sidney, precipitation during the April to August period (Table
10) was 89% of normal (28.6 cm, 1971–2000) in 2004 and 133% of
normal in 2005. At Akron, precipitation was 77% of normal
(30.2 cm, 1971–2000) in 2004 and 98% of normal in 2005 for the
same period. Despite some month-to-month variation, average
daily temperatures for the April to August growing seasons in 2004

and 2005 were near normal (between 6.7 and 24.1 8C) at both
locations (data not shown).
3.1. Triticale
3.1.1. Calibration
Calibrations of model parameters for accurate soil water
simulations are critical for correct quantiﬁcation of soil water
stress that controls crop growth and development. At both Akron
and Sidney, soil water measurements were available at approximately bi-weekly intervals for comparison with the model
simulations. In the High water treatment in 2004 at Akron
(calibration data set), 16.8 cm of PAW was available in the 120 cm
soil proﬁle at planting (Table 1) which served as the initial soil
water content for the calibration of the model. Simulated
volumetric soil water in the different layers during the 2004
triticale growing season corresponded well with measured values
(RMSE = 0.027 m3 m3). Total water in the 120 cm soil proﬁle was
also modeled well (RMSE = 0.7 cm, MRE = 3%, d = 0.98) (Table 11,
Fig. 1). We considered these calibration results to be adequate
since RZWQM2–DSSAT v4.0 is a one dimensional model in which a
single soil proﬁle (point measurement) represents the average
conditions in a heterogeneous ﬁeld that is spatially variable in soil
water content.
Triticale was harvested for forage on 23 June (immediately after
anthesis), and as such the crop did not complete all the
phenological stages and reach physiological maturity (Table 2).
The simulated emergence date had an error of 1 day, and the

Fig. 1. Measured and simulated soil water (120 cm proﬁle) for spring triticale at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW)
in the soil at planting in 2004 and 2005. Error bars represent one standard deviation of the mean.
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simulated anthesis date was 8 days earlier than measured
(Table 3). LAI simulations had an RMSE of 0.27 m2 m2, MRE of
14%, and d of 0.98 (Fig. 2, Table 11). Biomass progression (forage
yield) with crop development was simulated with an RMSE of
241 kg ha1, MRE of 8%, and d of 1.0 (Table 11, Fig. 3). Calibration
results showed that the model is capable of simulating spring
triticale in the semi-arid climate of the High Plains with reasonable
accuracy.
3.1.2. Validation
The calibrated triticale model was further tested with data from
the Medium and Low PAW treatments at Akron in 2004, and High,
Medium, and Low PAW treatments at Akron in 2005 and at Sidney
in 2004 and 2005 (Table 1). Forage yield of spring triticale
increased with increased PAW in 2004 at both Akron and Sidney,
and the model simulations followed the trend well (Fig. 3).
Biomass simulations in the Medium and Low PAW treatments at
Akron in 2004 had RMSEs of 309 kg ha1 (MRE = 11% and d = 0.99)
and 328 kg ha1 (MRE = 19% and d = 0.96), respectively (Table 11
and Fig. 3). Also for the Medium and Low treatments at Akron in
2004, simulations of volumetric soil water in different soil layers
had RMSEs of 0.026 and 0.014 m3 m3; total soil proﬁle water had
RMSEs of 1.0 (MRE = 4%, d = 0.91) and 0.7 cm (MRE = 3%, d = 0.91);
and LAI had RMSEs of 0.29 m2 m2 (MRE = 22%, d = 0.95) and
0.16 m2 m2 (MRE = 9%, d = 0.92), respectively (Table 11, and
Figs. 1–3).
Triticale biomass at Sidney in 2004 under all three PAW
treatments was modeled reasonably well with RMSEs of
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biomass simulations ranging between 289 kg ha1 (MRE = 28%
and d = 0.96) (Low PAW treatment) and 560 kg ha1 (MRE = 31%
and d = 0.92 (Medium PAW treatment) (Table 11, Fig. 3).
Volumetric soil water in different soil layers was simulated
best for the Low PAW treatment (RMSE = 0.025 m3 m3). Total
soil proﬁle water was simulated best for the High PAW
treatment (RMSE = 1.3 cm), and LAI was simulated best for
the Medium PAW treatment (RMSE = 0.25 m2 m2). Simulation
RMSEs ranged between 0.025 and 0.034 m3 m3 for volumetric
soil water in different soil layers, 1.3 and 1.4 cm for total soil
proﬁle water, and 0.25 and 0.37 m2 m2 for LAI (Table 11, and
Figs. 1–3).
In 2005, the measured biomass response to initial PAW was not
signiﬁcant at either location (P = 0.75, Sidney; P = 0.38, Akron). This
was presumably due to above average rainfall amounts (Table 10).
Precipitation in June was 222% and 132% of normal for Sidney and
Akron, respectively. This ample amount of precipitation during the
crop’s peak water requirement period reduced plant growth
response to stored soil water reserves. The measured crop growth
responses in 2005 at both Akron and Sidney were well simulated
by the model (Fig. 3). Biomass simulations at Akron in 2005 under
different PAW treatments had RMSEs between 180 kg ha1
(MRE = 7% and d = 1.0) and 379 kg ha1 (MRE = 19% and d = 0.99)
(Table 11, Fig. 3). LAI simulations showed RMSEs between
0.31 m2 m2 (MRE = 16% and d = 0.97) and 0.41 m2 m2
(MRE = 21% and d = 0.95) (Table 11 and Fig. 2). Biomass simulations at Sidney in 2005 resulted in RMSEs between 258 kg ha1
(MRE = 9% and d = 0.99) and 500 kg ha1 (MRE = 16% and d = 0.99)

Fig. 2. Measured and simulated spring triticale leaf area index at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at
planting in 2004 and 2005. Error bars represent one standard deviation of the mean.
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Fig. 3. Measured and simulated spring triticale biomass at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting
in 2004 and 2005. Error bars represent one standard deviation of the mean.
Table 12
Root Mean Square Error (RMSE), Mean Relative Error (MRE), and Willmott’s index of agreement (d) for simulations of soil water, LAI, grain yield, and biomass of proso millet in
2004 and 2005 at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting and from proso millet grown in the
alternative crop rotation (ACR) experiments at Akron from 2003 to 2006.
Variables

High PAW
RMSE

Medium PAW
MRE, %

Low PAW

d

RMSE

MRE, %

d

RMSE

MRE, %

d

Akron 2004
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Grain yield, kg ha1
Biomass, kg ha1

0.039
1.9
0.97
28
588

–
6
33
2
30

–
0.92
0.78
–
0.98

0.036
2.5
1.0
272
955

–
7
35
23
29

–
0.75
0.72
–
0.9s5

0.038
2.0
0.97
565
712

–
7
39
87
32

–
0.62
0.65
–
0.96

Sidney 2005
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Grain yield, kg ha1
Biomass, kg ha1

0.033a
2.2a
0.83a
428a
411a

–
8a
21a
10a
6a

–
0.97a
0.92a
–
1.00a

–
2.3
0.86
549
791

–
8
36
12
10

–
0.97
0.92
–
0.99

0.027
1.2
0.90
459
1106

–
5
38
10
15

–
0.99
0.91
–
0.99

ACR Akron 2003
3

3

Soil water, m m
Soil proﬁle water, cm
LAI, m2 m2
Grain yield, kg ha1
Biomass, kg ha1

0.068
2.2
0.41
153
1603

ACR Akron 2004
–
6
21
6
80

–
0.96
0.93
–
0.85

ACR Akron 2006
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Grain yield, kg ha1
Biomass, kg ha1
a

Calibration results.

0.041
2.2
0.64
188
868

–
9
19
12
22

–
0.95
0.88
–
0.97

0.058
2.3
71
1549

ACR Akron 2005
–
10
–
3
20

–
0.91
–
–
0.95

0.070
6.7
0.89
352
1030

–
21
40
37
19

–
0.38
0.80
–
0.94
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(Table 11, Fig. 3). LAI simulations had RMSEs between 0.42 and
0.50 m2 m2 (Table 11 and Fig. 2).
Measured soil water in 2005 at Akron across the treatments
showed high variability between replications in all three treatments, indicated by high standard deviations from the mean
(Table 11, Fig. 1). Interestingly, simulated soil water in this year
showed greater errors compared to other years and locations.
Across the three treatments, RMSEs of simulations of volumetric
soil water in different soil layers varied between 0.032 and
0.039 m3 m3; total soil proﬁle water had RMSEs between 3.3 cm
(MRE = 10%, d = 0.81) and 4.7 cm (MRE = 17%, d = 0.54). We have
not been able to determine the cause of the poor proﬁle soil water
simulations at Akron in 2005 with triticale.
At both Akron and Sidney in 2004 and 2005, water use (actual
evapotranspiration) of the triticale crop increased as soil water at
planting increased except at Sidney in 2005 (Felter et al., 2006).
Simulated water use by the crop was lower for the Low PAW
treatment than for the High PAW treatment by 6.6 cm in 2004 and
by 6.9 cm in 2005 at Akron, and by 5.5 cm in 2004 and by 0.7 cm in
2005 at Sidney following the measured pattern of water use as
inﬂuenced by initial PAW (data not shown). As such, the capability
of the model to accurately simulate the water use and biomass
production (forage yield) of triticale suggests that the model may
serve as a valuable tool to guide research for increasing water-use
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efﬁciency of dryland production systems that include triticale in
semi-arid environments, and for extrapolation of research results
to other locations, climates, and soils.
3.2. Proso millet
3.2.1. Calibration
Data for modeling proso millet were limited to two site-years
due to crop destruction by hail at Sidney in 2004 and poor
emergence at Akron in 2005. The High PAW treatment in 2005 at
Sidney was used for calibration of the model. With that treatment,
24.4 cm PAW was present in the 120 cm soil proﬁle at planting
(Table 1). Simulation of soil water under this treatment resulted in
an RMSE of 0.033 m3 m3 for volumetric soil water in different soil
layers, and an RMSE of 2.2 cm (MRE = 8% and d = 0.97) for the
120 cm soil proﬁle (Table 12, Fig. 4). Taking into account the high
spatial variability of soil water in the ﬁeld, and the uncertainties
inherent in measurement and quantiﬁcation, these simulations are
reasonably accurate for correct simulations of the crop. LAI
simulations were reasonable with an RMSE of 0.83 m2 m2, MRE of
21%, and d of 0.92 (Table 12, Fig. 5). Biomass growth with crop
development was simulated well with an RMSE of 411 kg ha1,
MRE of 6%, and d of 1.00 (Table 12, Fig. 6). Simulation of grain yield
at crop physiological maturity was also simulated reasonably well

Fig. 4. Measured and simulated soil water (120 cm proﬁle) for proso millet at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in
the soil at planting in 2004 and 2005, and for proso millet in the alternative crop rotation (ACR) experiment at Akron during 2003–2006. Error bars represent one standard
deviation of the mean.
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Fig. 5. Measured and simulated proso millet leaf area index at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at
planting in 2004 and 2005, and in the alternative crop rotation (ACR) experiment at Akron during 2003–2006. Error bars represent one standard deviation of the mean.

with an MRE of 10% (simulated value was 428 kg ha1 lower than
the measured value). The model only simulated a few developmental stages (emergence, anthesis, physiological maturity) such
that only crop emergence date was available for comparison of
simulated crop phenological development with measured data.
The simulated emergence date was 2 days later than the measured
emergence date (Table 3).
3.2.2. Validation
Soil water amounts and changes with proso millet growth were
reasonably simulated across treatments, years, and locations
(Fig. 4). Crop biomass, LAI, and grain yield of proso millet increased
with initial PAW at Akron in 2004 (Figs. 5–7). The difference in
available soil water between High and Low PAW treatments at
millet planting in 2004 at Akron was 100 mm. Felter et al. (2006)
reported that 58% of the variability in proso millet grain yield in the
experiment was explained by initial PAW. Crop emergence was
correctly simulated as 10 days after planting (Table 3). However,
simulated anthesis date was 7 days later than observed and
simulated physiological maturity was 4 days later than observed.
These errors in rate of development did not affect the overall
simulations of the crop drastically. Soil water was adequately
simulated in 2004 with RMSEs between 0.036 and 0.039 m3 m3
for the volumetric soil water in different soil layers. Water in the
120 cm soil proﬁle was simulated with RMSEs between 1.9 cm
(MRE = 6% and d = 0.92) and 2.5 cm (MRE = 7% and d = 0.75)
(Table 12 and Fig. 4). Leaf area index in 2004 was simulated less

accurately with RMSEs of 0.97 m2 m2 (MRE = 33% and d = 0.78),
1.0 m2 m2 (MRE = 35% and d = 0.72) and 0.97 m2 m2 (MRE = 39%
and d = 0.65) in the High, Medium and Low PAW treatments,
respectively (Table 12 and Fig. 5). However, biomass gain with crop
development was reasonably well simulated with RMSEs between
588 kg ha1 (MRE = 30% and d = 0.98) in the High PAW treatment
and 955 kg ha1 (MRE = 29% and d = 0.95) in the Medium PAW
treatment (Table 12 and Fig. 6). Grain yield simulations across the
three PAW treatments in 2004 had an RMSE of 196 kg ha1 and
MRE of 37%. While the grain yields simulated in the High and
Medium PAW treatments were simulated with MREs of 2% and
23%, the grain yield in the Low PAW treatment showed an MRE of
87%. The lower accuracy in grain yield simulations for the Low
water treatment in 2004 occurred due to the model’s low
responsiveness regarding biomass partitioning changes to grain
in response to water stress (inaccurately simulating changes to
harvest index (HI) that occur in response to water stress).
Measured HI for the High, Medium, and Low PAW treatments
were 0.23, 0.18 and 0.11, respectively. However, simulated HI for
all three treatments remained at 0.24. Further studies are needed
to correctly quantify HI changes in response to water stress.
At Sidney in 2005, measured grain yield was not signiﬁcantly
affected by soil water at planting (P = 0.90) (Fig. 7), with all
treatments yielding about 4000 kg ha1. Little difference existed in
water availability between treatments in 2005 (Table 1). Also,
measured maximum LAI (Fig. 5) and biomass (Fig. 6) in 2005 did
not show any signiﬁcant difference between the High, Medium,
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Fig. 6. Measured and simulated proso millet biomass at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting in
2004 and 2005, and in the alternative crop rotation (ACR) experiment at Akron during 2003–2006. Error bars represent one standard deviation of the mean.

and Low PAW treatments (P = 0.42 for LAI, P = 0.52 for biomass).
Simulations of these variables were accurate and also did not show
signiﬁcant differences between the three treatments. For the
validation treatments (Medium and Low PAW treatments),

Fig. 7. Measured and simulated proso millet grain yields at Akron, CO and Sidney,
NE in response to High, Medium, and Low plant available water in the soil at
planting in 2004 and 2005, and in the alternative crop rotation (ACR) experiment at
Akron during 2003–2006. Error bars represent one standard deviation of the mean.

simulations of soil water in different soil layers across treatments
resulted in RMSEs between 0.027 and 0.034 m3 m3, and simulations of total soil water in the 120 cm proﬁle resulted in RMSEs
between 1.2 cm (MRE = 5% and d = 0.99) and 2.3 cm (MRE = 8% and
d = 0.97) (Table 12 and Fig. 4). Leaf area index was simulated with
RMSEs between 0.86 m2 m2 (MRE = 36% and d = 0.92) and
0.90 m2 m2 (MRE = 38% and d = 0.91) (Table 12 and Fig. 5).
Biomass accumulation with crop development was well simulated
with RMSEs between 791 kg ha1 (MRE = 10% and d = 0.99) in the
Medium PAW treatment and 1106 kg ha1 (MRE = 15% and
d = 0.99) in the Low PAW treatment (Table 12 and Fig. 6).
Simulated grain yield in 2005 was reasonable with an RMSE of
496 kg ha1 and MRE of 9% (Fig. 7).
The model performance was further tested with proso millet
data from the ACR experiments at Akron from 2003 to 2006
(Anderson et al., 1999; Nielsen, unpublished data, 2006). In these
experiments initial PAW varied from year to year as a result of
previous crop water use and non-crop period precipitation (in
contrast to the varying initial water contents created by pre-season
irrigation described for the previously discussed experiments). Soil
water measurements in these experiments across years showed
high variability between replications as reﬂected in the high
standard deviations of individual measurements from the mean
(Fig. 4). However, the model simulated soil water in these
experiments adequately (within one standard deviation of the
treatment means) with the exception of 2005. For this year, similar
large errors in the simulation were noticed as with the triticale
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Table 13
Root Mean Square Error (RMSE), Mean Relative Error (MRE), and Willmott’s index of agreement (d) for simulations of soil water, LAI, and biomass of foxtail millet in 2004 and
2005 at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting.
Variables

High PAW

Medium PAW

Low PAW

RMSE

MRE, %

d

RMSE

MRE, %

d

RMSE

MRE, %

d

Akron 2004
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.030a
1.5a
0.79a
194a

–
5a
20a
10a

–
0.92a
0.95a
1.00a

0.032
2.9
0.68
444

–
9
24
21

–
0.73
0.95
0.98

0.023
1.5
0.57
709

–
5
27
20

–
0.81
0.93
0.95

Sidney 2005
Soil water, m3 m3
Soil proﬁle water, cm
LAI, m2 m2
Biomass, kg ha1

0.025
1.3
0.86
336

–
4
34
22

–
0.98
0.96
1.00

0.028
1.2
0.87
298

–
3
29
27

–
0.98
0.97
1.00

0.021
0.3
1.0
201

–
1
48
9

–
1.00
0.95
1.00

a

Calibration results.

Fig. 8. Measured and simulated soil water (120 cm proﬁle) for foxtail millet at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in
the soil at planting in 2004 and 2005. Error bars represent one standard deviation of the mean.

Fig. 9. Measured and simulated foxtail millet leaf area index at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at
planting in 2004 and 2005. Error bars represent one standard deviation of the mean.
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crop discussed above. We are currently without an explanation for
why the model performed so poorly relative to proﬁle soil water
simulations in 2005 at Akron. Total proﬁle soil water contents
during the four years of the ACR experiments were simulated with
RMSEs of 2.2 (MRE = 6% and d = 0.96) in 2003, 2.3 cm (MRE = 10%
and d = 0.91) in 2004, 6.7 cm (MRE = 21% and d = 0.38) in 2005, and
2.2 cm (MRE = 9% and d = 0.95) in 2006 (Table 12 and Fig. 4).
There were no LAI measurements made in the ACR experiment
in 2004. LAI simulations in the remaining years had RMSEs
between 0.41 and 0.89 m2 m2 (Fig. 5). Biomass simulations
resulted in RMSEs of 1603 kg ha1 (MRE = 80% and d = 0.85),
1549 kg ha1 (MRE = 20% and d = 0.95), 1030 kg ha1 (MRE = 19%
and d = 0.94), and 868 kg ha1 (MRE = 22% and d = 0.97) for 2003,
2004, 2005, and 2006, respectively (Table 12 and Fig. 6). These
errors were higher than those observed in the PAW experiments
with proso millet discussed above. In response to the poor soil
water simulations in 2005, grain yield simulations showed higher
RMSEs compared with other years. Simulated grain yield in 2005
was 352 kg ha1 greater than observed and had an MRE of 37%,
while MREs and differences between simulated and observed
yields were smaller in 2003, 2004, and 2006 (Table 12 and Fig. 7).
Improvements in soil water simulations by the model may lead to
improvements in crop growth and yield simulations. Grain yield
simulations in all four years of the ACR experiments showed an
RMSE of 205 kg ha1 with an MRE of 14%. Considering the results of
all of the simulations conducted, the model predictions were
considered sufﬁciently accurate for further use in the development
of decision support tools for managing proso millet in the region.
3.3. Foxtail millet
3.3.1. Calibration
Foxtail millet, like proso millet, was also affected by hail and
emergence problems resulting in only two site-years available for
calibration and validation. Foxtail millet is generally grown for
hay/forage in the United States (Baltensperger, 1996). As with the
triticale crop discussed above, foxtail millet was therefore also
harvested for forage in the current experiments. The High PAW
treatment at Akron in 2004 was used for calibration of the model
with the remaining data sets used for model validation. Foxtail
millet dry matter increased linearly with available soil water at
planting at Akron in 2004 (Felter et al., 2006). Soil water was
simulated well in the calibration data set (High PAW treatment)
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with an RMSE of 0.03 m3 m3 for volumetric soil water in different
soil layers, and with an RMSE of 1.5 cm (MRE = 5% and d = 0.92) for
total soil water in the 120 cm soil proﬁle (Table 13, Fig. 8).
Simulated LAI had an RMSE of 0.79 m2 m2 (MRE = 20% and
d = 0.95), adequately replicating the measured pattern (Fig. 9). The
time progression of biomass measured in the experiment was also
well simulated with an RMSE of 194 kg ha1 (MRE = 10% and
d = 1.00) (Table 13 and Fig. 10). Emergence date was the only crop
phenology data available for comparison with the simulations. In
the model calibration data set, crop emergence was simulated to
occur 8 days after planting while emergence was observed to occur
in the ﬁeld 10 days after planting.
3.3.2. Validation
The foxtail millet crop at Akron in 2004 was water-limited. The
difference in available soil water at planting between High and Low
treatments was 63 mm (Table 1). Maximum LAI and dry matter
declined with decreasing available soil water at planting (Figs. 9
and 10). At Akron, dry matter yield increased linearly with initial
PAW explaining 62% of the variability in dry matter yield in this
year (Felter et al., 2006). The Medium and Low PAW treatments at
Akron in 2004 were used for testing the calibrated model. Soil
water was adequately simulated in these treatments with RMSEs
of 0.023 and 0.032 m3 m3 for the volumetric water in different
soil layers, respectively. Water in the 120 cm soil proﬁle was
simulated with RMSEs of 1.5 (MRE = 5% and d = 0.81) for the Low
PAW treatment and 2.9 cm (MRE = 9% and d = 0.73) for the
Medium PAW treatment (Table 13 and Fig. 8). The model
adequately simulated the decline of both LAI and biomass with
decreasing initial PAW (Figs. 9 and 10). LAI simulations showed
RMSEs of 0.68 m2 m2 (MRE = 24% and d = 0.95) in the Medium
treatment and 0.57 m2 m2 (MRE = 27% and d = 0.93) in the Low
treatment (Table 13 and Fig. 9). Biomass progression with time in
these treatments also was well simulated with most of the
individual simulated values falling within one standard deviation
of the mean measured values (Fig. 10). However, simulated
biomass had RMSEs of 444 kg ha1 (MRE = 21% and d = 0.98) and
709 kg ha1 (MRE = 20% and d = 0.95), respectively, for Medium
and Low PAW treatments.
Water content in the soil proﬁle at planting was similar in all
water treatments at Sidney in 2005, and adequate precipitation
was received during the growing season in 2005 (Tables 1 and 10).
As such, there was not a signiﬁcant response of crop growth and

Fig. 10. Measured and simulated foxtail millet biomass at Akron, CO and Sidney, NE in response to High, Medium, and Low plant available water (PAW) in the soil at planting
in 2004 and 2005. Error bars represent one standard deviation of the mean.
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development to soil water at planting across different PAW
treatments. Simulated crop emergence occurred 7 days after
planting compared with observed emergence 5 days after planting
(Table 3). Soil water was accurately simulated at Sidney in 2005
leading to reasonably accurate simulations of maximum LAI and
biomass development in the three PAW treatments (Figs. 8, 9 and
10). Soil water in different soil layers was simulated with an RMSE
between 0.021 and 0.028 m3 m3 for the three treatments
(Table 13). Total PAW in the soil proﬁle was simulated with an
RMSE of 1.3 cm or less and an MRE of 4% or less in the three
treatments. RMSEs of LAI simulations ranged between 1.0 m2 m2
(MRE = 48% and d = 0.95) and 0.86 m2 m2 (MRE = 34% and
d = 0.96) (Table 13). Mid-season LAI was over-predicted by the
model. Simulations of the time progression of biomass matched
well with the measurements resulting in RMSEs below 336 kg ha1
and MREs below 27% across the three treatments (Table 13 and
Fig. 10). In general, validation of the model simulations with
limited data (one year each at two locations) showed that foxtail
millet and its responses to different initial PAW could be
satisfactorily predicted with the model developed.
4. Summary and conclusions
Wheat farmers in the Great Plains could beneﬁt greatly from the
availability of a short-season crop that could be produced during
the spring or summer months prior to planting the next wheat crop
in late September or early October. Experiments with triticale and
foxtail millet as forage crops and proso millet as a grain/forage crop
showed the potential of these short-season crops for use in a
ﬂexible summer fallow cropping system, and the amount of plant
available water in the soil at planting may be a signiﬁcant indicator
of subsequent yield (Felter et al., 2006). However, these relationships can vary between seasons and locations depending on the
amount and distribution of growing season precipitation and other
weather variables experienced subsequent to planting. The models
developed for simulation of these three crops are potential tools
that can integrate and synthesize information from such shortseason experiments and effectively extend the results to other
seasons, soils, and climates (e.g., for selection of the crop best
suited in a particular season at a particular location). For
simulation of these crops, the DSSAT v4.0 crop simulation modules
as available in RZWQM2–DSSAT v4.0 were successfully adapted
and calibrated using the crop growth and development data
collected from experiments at Sidney, NE and Akron, CO. The CSM–
CERES–Wheat v4.0 module was adapted for simulation of spring
triticale, and the CSM–CERES–Sorghum module was adapted for
simulation of both proso millet and foxtail millet. Speciﬁcally, the
species and ecotype parameters for the crops in the CSM modules
were adapted for simulation of the crops. Each crop module was
further calibrated for cultivar traits (genetic coefﬁcients) for
simulating the speciﬁc crop cultivars used in the experiments. The
three crop modules developed for spring triticale, proso millet, and
foxtail millet all simulated crop growth and development well and
also adequately responded to different levels of PAW in the soil at
planting in different years (2004 and 2005) and at different
locations (Sidney and Akron). Because spring triticale and foxtail
millet were harvested for forage before reaching physiological
maturity, the models developed for these two crops could not be
tested for simulation of grain yield. Further experiments are
required to grow these crops to full maturity, and measure the
grain yields for calibration and validation of the model simulations.
The crop modules developed in this study have shown adequate
potential for future simulations of these crops in rotations with
other crops in northeastern Colorado and western Nebraska.
Further testing should be done to validate these models for
different soil types and climates (locations) so that these models

can be used for decision support relating to crop management
throughout the High Plains. Developing decision support for
selection of the best suited short-season summer crop in a crop
rotation in a particular season at a location based on measured
initial PAW in the soil by using RZWQM2–DSSATv4.0 and historical
climate records would be a challenging example of the application
of the model in strategic farm management, and will be taken up
and reported in subsequent studies.
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